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1. Introduction
It is well known that a mass inventory of the visible universe is commensurate with budgeting
for the mass of the nuclei at the heart of atoms. The mass of each atomic nucleus is a result of
the mass of its constituent protons and neutrons and their binding energy. However, at a more
fundamental level, the mass of the simplest nucleus, the proton sitting at the heart of the hydrogen
atom, is mostly born out of the energy stored in its massless gluons, its almost massless quarks
and their color interactions, rather than the intrinsic mass of the up and down quarks that roam its
confined volume. This makes grasping the fundamental structure of the nucleon, and hadrons in
general, critical to our understanding of the visible mass of the universe. Today, it is accepted that
Quantum Chromodynamics (QCD), the gauge theory of strong interactions, plays a central role in
our understanding of nucleon structure. Indeed, this theory provides the means to interpret high
energy scattering processes among the constituent particles of hadrons (quarks and gluons) using
perturbative QCD, taking advantage of factorization theorems and evolution equations similar to
QED. At the same time QCD offers a path to unravel the non-perturbative structure of hadrons
using lattice QCD, a powerful ab initio numerical method.
Here we are interested in the experimental exploration of the origin of the proton mass and
spin, the size of the Van der Waals force in QCD, and the existence and nature of the LHCb
pentaquark through exclusive measurements of the elastic electro- and photo-production of J/ψ
and ϒ at the 12 GeV upgrade of Jefferson Lab and a possible future electron ion collider (EIC).
1.1 Origin of the proton spin and mass
Today we are at the dawn of exploring the contribution of the orbital angular momentum of
the valence quarks at the 12 GeV upgraded Jefferson Lab. Polarized deep inelastic scattering (DIS)
experiments at CERN, SLAC, DESY, and Jefferson Lab and polarized proton-proton collisions
experiments at BNL have shaped our present knowledge of the net contribution of the helicity of
quarks to the nucleon spin, which is about 30%, and that of gluons, which is found to be positive
amid a large uncertainty. These experimental facts are consistent with the latest lattice QCD cal-
culations performed at the physical pion mass [1]. The latter show a contribution of the helicity
of quarks consistent with the experimental results but, in addition, provide quantitative results for
the quarks orbital angular momentum and the total angular momentum contribution of gluons. The
experimental quest for the contribution of the orbital angular momentum of the quarks is about to
start with the upgrade of Jefferson Lab to 12 GeV [2] while for the total angular momentum of
gluons one has to wait for an electron ion collider [3].
While the origin of the nucleon spin in terms of its constituents partons (quarks and gluons)
has for the last thirty years taken center stage with measurements of the spin structure functions in
lepton deep inelastic scattering (DIS) off the nucleon, the origin of the nucleon mass has received
little attention on the experimental side. This difference might find its origin in the fact that, while
the proton spin lend itself to a frame independent decomposition [4], this is is not the case for its
mass decomposition. Nevertheless, it is natural to discuss the mass of the nucleon in its rest frame
as originally noted by Ji [5] in its mass decomposition and more recently by Lorcé [6].
The use of ab initio lattice QCD to evaluate the mass of hadrons has proven to be very suc-
cessful [7, 8, 9] and a testament that, undoubtedly, QCD is the right theory to describe the non-
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perturbative aspects of nucleon structure. However, the origin of the nucleon mass in term of its
constituents has yet to be articulated in lattice QCD. Exploring and unraveling the nucleon mass in
lattice QCD or in QCD model based approaches [10] is a worthwhile goal that enable us to better
understand how the total mass of the nucleon emerges from the constituents, similar to the case of
atomic or nuclear physics. This goal is achieved by a mass decomposition in terms of the masses
and energy carried by the constituents in the rest frame of the nucleon using the QCD energy mo-
mentum tensor. Starting from scale invariance and using the QCD lagrangian, the trace of energy
momentum tensor Θµµ is given by the well known result [11]:
Θµµ =
β (g)
2g
GaρσG
a ρσ +∑
f
(1+ γm)m f ψ¯ψ, (1.1)
where g in the strong coupling, and m f is the quark mass for quark flavor f . From Poincaré
invariance of a spinless proton, we have
〈P′|Θµν |P〉= (P′µPν +PµP′ν)A(Q2), (1.2)
with P′ = P+ q and Q2 = −q2 and A(Q2) the gravitational form factor with the momentum sum
rule A(Q2 = 0) = 1. For P = P′ and in the chiral limit where the quarks are massless, we have
M2 =
β (g)
4g
〈P|G2|P〉. (1.3)
In the above expression it is clear that most of the mass of the nucleon would originate from the
dynamics of the quantum theory, in this case QCD. Two examples of mass decomposition in the rest
frame of the nucleon are given by Ji [5] and more recently by Lorcé [6]. These decompositions,
while not unique, are very useful to speak about the nucleon mass in terms of its constituents,
similar to other fields of Physics. Taking the example of the mass separation in terms of quarks and
gluons kinetic and potential energies, quark masses and the trace anomaly in the rest frame of the
proton we write [5]:
M =
〈P|HQCD|P〉
〈P|P〉
∣∣∣∣
rest frame
. (1.4)
HQCD is the Hamiltonian operator partitioned following HQCD = Hq +Hg +Hm +Ha where Hq is
the quarks kinetic and potential energy, Hg is the gluons kinetic and potential energy, Hm is the
quarks mass contribution and Ha is the trace anomaly, all given consecutively by:
Hq =
∫
d3~xψ† (−iD ·α)ψ, (1.5)
Hg =
∫
d3~x
1
2
(
E2 +B2
)
, (1.6)
Hm =
∫
d3~x
1
4
(1+ γm) ψ¯mψ, (1.7)
Ha =
∫
d3~x
1
4
β (gs)
(
E2−B2) . (1.8)
Here E and B are the chromo-electric and -magnetic color fields respectively. Taking the expecta-
tion value of each term in the rest frame of the proton lead to the following mass decomposition
M = Mq +Mg +Mm +Ma, (1.9)
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where each mass term is expressed as a fraction of the nucleon mass as:
Mq =
3
4
(
a− b
1+ γm
)
M, (1.10)
Mg =
3
4
(1−a)M, (1.11)
Mm =
4+ γm
4(1+ γm)
bM, (1.12)
Ma =
1
4
(1−b)M, (1.13)
a and b can be evaluated using lattice QCD or extracted from experimental measurements. Similar
to the case of the spin sum rule of the nucleon, to complete the proton mass decomposition every
term in the decomposition needs to be experimentally accessible. The trace anomaly term Ma is the
only component in this decomposition that has not been determined experimentally, nor by a lattice
calculation. The trace anomaly involves a matrix element of the difference of the squares between
the color electric and magnetic fields. However, it was suggested that Ma can be accessed through
quarkonium production on a proton close to threshold [12, 13, 14]. Due to technical difficulties in
dealing with gluons, a direct lattice calculation of the trace anomaly has not been performed yet,
there is hope that this situation would change in the next few years in time for comparison with the
experiments.
1.2 LHCb charmed pentaquark
After the recent discovery of the LHCb pentaquarks [15], many theoretical papers [16, 17,
18, 19, 20, 21, 22, 23, 24] followed shortly after to explain the possible existence and nature of
such states. However, without further independent measurements, it is unclear whether the formed
exotic states can be unambiguously identified as resonances. If the Pc(4380) and Pc(4450) are
truly new states, they can take the form of a five-quark state, or a molecular bound state, e.g.,
between charmonium (2S) and the proton [19], or Σc and D¯∗ [25, 26]. On the other hand, it
is also possible that the observed states are a purely kinematic effect, such as a consequence of
kinematic enhancements through the anomalous triangle singularity (ATS) [16], or other final state
interactions that lead to a threshold enhancement [27]. In Hall C we devised an experiment [28]
that, in principle, will put to rest many of the interpretations of the high mass (Pc = 4450 MeV)
LHCb state. The observation of the Pc(4450) state in direct photo-production would provide strong
evidence of its resonant nature.
2. 12 GeV J/ψ experiments at JLab in hall A and hall C
In what follows we shall describe approved measurements planned at Jefferson Lab in Hall
A and Hall C to measure the J/ψ electro- and photo-production cross sections at threshold and
address the determination of the parameter b discussed in the mass decomposition above but never
measured before nor directly calculated using lattice QCD. This parameter requires that one deter-
mines the real part of the photo-production amplitude at threshold of this exclusive reaction. While
we know that the real part of the production amplitude dominates the threshold region it would be
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beneficial to verify it experimentally through an asymmetry measurement of the interference be-
tween Bethe-Heitler and J/ψ production [14] and determine independently the parameter b from a
cross section measurement and an asymmetry measurement close to threshold.
2.1 A measurement of J/ψ electro and photo-production at threshold using SoLID in Hall A
In Hall A, a new project known as the solenoidal large intensity device (SoLID) is under
development [29]. One of the experiments that will address the proton mass problem is described
in detail in Ref. [30], and was approved by the Jefferson Lab program advisory committee in 2012.
In this experiment (known as JLab experiment E12-12-006) a 3µA electron beam of about 11
GeV incident on a 15 cm hydrogen target will provide for a total integrated luminosity of 43.2 ab−1.
Using the SoLID large acceptance spectrometer all particles in the final state will be detected for
an absolute calibration, namely the scattered electron, the J/ψ → e+e− decay pair and the proton.
However, for a high statistics data collection in photo-production we will detect the e+e− decay
pair and the recoiling proton at a rate of 1627 J/ψ events per day, while in electro-production we
will use a 3-fold coincidence between the scattered electron and the e+e− decay pair at a rate of
86 J/ψ events per day. This approved experiment will collect 50 days of data with 10 days of
calibration. It will provide for the highest statistics in the threshold region among the J/ψ elastic
production experiments planned at Jefferson Lab.
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Figure 1: Left: Projected uncertainties of the total elastic J/ψ electro (filled circles) and photo (filled
squares)-production cross section using the SoLID detector as a function of photon energy Eγ . The projec-
tions are based on the 2-gluon exchange model [31]. To enhance the visual representation, the central values
of our projections are positioned at 1.2 (0.8) times the predicted total cross section for electro-production
(photo-production). Also plotted (open circles and squares) is the contribution of the larger mass LHCb
pentaquark. Right: differential cross section as a function of |t− tmin| in the case of electro-production in a
W bin very close to threshold, namely 4.15 <W < 4.25, corresponding to the third electro-production point
on the left figure. World data from [32, 33, 34, 35].
In Fig. 1, on the left side of the figure, we show the projected precision that is possible in
experiment E12-12-006 measuring the elastic-electro and photo-production of the J/ψ starting
very close to threshold using the SoLID detector. On the right side of Fig. 1 we illustrate a |t− tmin|
distribution very close to threshold where 4.15 <W < 4.25. Here, W is the invariant mass of the
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virtual photon nucleon system. Note that the experimental reach includes the kinematic region of
the recently observed LHCb "pentaquark" when produced in the s-channel assuming a 5% coupling
following Ref. [20]. The prediction of the t channel J/ψ production follows the 2 gluon exchange
model of Brodsky al. [31].
2.2 A search for the LHCb pentaquark using the HMS and SHMS in Hall C
The experiment proposed and approved to search for the LHCb pentaquark in elastic photo-
production in Hall C is known as JLab E-12-16-007 and is described in [28]. In this experiment
the photo-production cross section of J/ψ near threshold is measured in search of the recently
observed LHCb hidden-charm resonance Pc(4450) consistent with a ‘pentaquark’. A 10.6 GeV
incident energy electron beam and 50µA current will pass through a 9% radiation length copper
radiator to create an intense bremsstrahlung photon beam which covers the energy range of J/ψ
production from the threshold photo-production energy of 8.2GeV, to an energy just above the
presumed Pc(4450) resonance energy production. The resulting photon beam will pass through a
15cm liquid hydrogen target, producing J/ψ mesons through a t-channel diffractive process, the
most common, or through a resonant process in the s- and u-channel. The decay e+e− pair of
the J/ψ will be detected in coincidence using the two high-momentum spectrometers of Hall C,
the high momentum spectrometer (HMS) and super high momentum spectrometer (SHMS). The
spectrometer settings have been optimized to distinguish the resonant s- and u-channel production
from the diffractive t-channel J/ψ production. The s- and u-channel production of the charmed
5-quark resonance dominates the t-distribution at large t. The momentum and angular resolution of
the spectrometers is sufficient to observe a clear resonance enhancement in the total cross section
and t-distribution. This is shown in Fig. 2
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Figure 2: Left: The expected spectrum using a 5% coupling for Pc(4450) (5/2+)-nucleon-J/ψ in a mea-
surement of 9 days. Right: Sensitivity to the Pc as a function of the coupling to the J/ψ p channel, obtained
from a log-likelihood analysis. The dashed line shows the 5σ level of sensitivity necessary for discovery.
This level is reached starting from a coupling of 1.3%.
The observation of these resonances in photo-production will provide strong evidence of the
true nature of the LHCb states, distinguishing them from kinematic enhancements. However, since
the coupling of this state to the J/ψ nucleon system is not known it is important that the statistic of
the experiment is high to set a meaningful limit on its existence or lack thereof. As shown in Fig. 2
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right side, at a 5σ discovery level we could reach a sensitivity of 1.3% of coupling for the larger
mass pentaquark in this experiment.
3. Heavy quarkonia production at an EIC
It has been shown that using J/ψ production on the nucleon at large values of W at an EIC can
provide the transverse spatial profiles of gluon distributions at different longitudinal momenta of
the gluons [3]. This will ultimately lead to the determination of the total gluon angular momentum
contribution to the nucleon spin. However, here, we argue that for consistency and in order to
minimize Q2 evolution corrections, a measurement of bottomium production at an EIC offers a
complementary and critical probe to address both the contribution of the trace anomaly to the
proton mass, as well as the total gluon angular momentum contribution to the proton spin. In
the first case, and similar to the Jefferson Lab measurement discussed above, the measurement of
elastic ϒ production on the proton close to threshold in electro-production (at small Q2) or photo-
production should allow us to determine the contribution of the trace anomaly to the proton mass.
In the second case, the use of ϒ production at large W should provide a more robust deter-
mination of the transverse spatial profiles of gluon densities at various momentum fractions of the
gluons.The use of the heavier bottom quark (in υ) compared to the charm quark (in J/ψ) makes
all expansions in terms of inverse quark masses converges faster and provides for milder NLO cor-
rections to extract the gluon densities from the measured data. In the end, we have to understand
both J/ψ and ϒ production, and the gluon profiles extracted from these two processes should be
universal. Furthermore, they should also be consistent with the profiles obtained through the deep
virtual Compton scattering (DVCS) measurements [3].
3.1 Elastic ϒ production near threshold EIC
Similar to section 2.1 but instead of using the J/ψ production we use ϒ production to provide
electro- and photo-production data very close to threshold. The projections at an EIC with a generic
detector using an integrated luminosity of 100 fb−1 are illustrated in Fig. 3 and look very promising.
Using the bottomium quark would provide a much needed redundancy in the determination of the
trace anomaly and would minimize the theoretical systematic uncertainties of its determination.
3.2 Elastic ϒ production at largeW ; Imaging the gluons
In a study performed in the EIC white paper, it has been shown that one can access the gluonic
generalized parton distribution (GPD) in the nucleons through electro-production of J/ψ at large
photon-nucleon invariant mass W . Here we want to suggest that the electro-production of ϒ should
also be considered as part of the arsenal of an EIC to access the gluon GPD in the nucleon. The
mass of the bottom quark is more then three times that of the charmed quark, and therefore most
expansions in terms of the inverse of the quark masses converge faster. Next-to-leading order
corrections to the leading order description of the process are typically smaller by a power of the
ratio of these masses. Finally, to ensure universality, it is important to consider extracting gluon
information through different processes such as DVCS, J/ψ production, and ϒ production.
Fig. 4 illustrates the t distributions that can be achieved in a measurement at an EIC using a
generic detector where both the decay of the quarkonium in e+e− and µ+µ− are accounted for.
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Figure 3: Left: ϒ total elastic production projections along with HERA data from the ZEUS and H1 col-
laborations [36, 37]. Right: t-distribution projections for one bin interval in W , namely 13.57 <W < 14.58
(third point on the left panel). In both cases the 2-gluon model of Brodsky et el. [31] is used with adjusted
parameters to fit the HERA data at large W .
We assumed a generic EIC detector that can detect leptons with a pseudo-rapidity−5< ηl < 5 and
recoil protons with a polar scattering angle θp > 2mrad. Additionally, we placed a requirement
of 0.01 < y < 0.8, where y = P · q/P · k, with P, k, and q the four-momenta of resp. the electron
beam, the proton beam, and the virtual photon. These requirements are consistent with the EIC
white paper [3]. We performed our simulations assuming an electron beam of 10 GeV that collides
with a proton beam of 100 GeV, for an integrated luminosity of 100 fb−1. This provides for a large
range of possible photon-nucleon (or ϒ-nucleon) invariant masses. The left figure is a t distribution
in the range 0.025 < xV < 0.04 and 89.5 < Q2 +M2V < 91GeV
2 while the right figure shows the
bin range 0.25 < xV < 0.4 and the same range in Q2 +M2V . Note the factor 10 difference in 〈xV 〉
between both figures. Here, Q2 +M2V is the relevant resolution scale for meson production and
xV = (Q2 +M2V )/(2P.q) replaces the standard Bjorken variable xB = Q
2/(2P ·q).
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Figure 4: ϒ elastic production t-distributions for the lowest bin in Q2 +M2V at 2 different xV intervals. The
red line shows the expected exponential dependence of the cross section, and the blue lines show various
different extrapolations for t outside of the measured region. Through Fourier transformation each of these
distribution is used to provide for a spatial transverse profile of gluons.
In Fig. 5 we show the Fourier transform of the t distributions that are projected in order to
obtain the spatial transverse distributions of gluons at the different 〈xV 〉 values measured. It is
important to note that with the integrated luminosity chosen in this case, namely 100 fb −1, the
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precision obtained on the transverse profiles is quite impressive. This measurement will comple-
ment the profiles that will be obtained from the J/ψ measurements and should be consistent after
on NLO correction are performed on both measurement. It will offer the redundancy for a test of
consistency and universality of the extracted gluon profiles in the nucleon.
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Figure 5: Gluon GPD multiplied with b2T for the lowest bin in Q2 +M2V . This quantity highlights the pre-
cision at higher values of bT . The blue band shows the statistical uncertainty of the fit, while the red band
shows the statistical uncertainty added in quadrature with the systematic uncertainty due to the extrapola-
tion at low and high t. The GPDs are normalized to the gluon PDF from CT14 [38], using the LHAPDF
program [39].
4. Conclusion
In summary the mass and spin of the proton offer a laboratory to explore nucleon structure as
well as our understanding of QCD. We have presented approved experiments in Hall A and C at Jef-
ferson Lab using the J/ψ production at threshold as well as projections of possible measurements
of ϒ production at an EIC to probe our understanding of the partition of the mass of the proton in
terms of its constituents in a mass sum rule where all its pieces are accessible experimentally. We
also proposed using the ϒ production at an EIC to determine the gluon density transverse spatial
profiles in a wide range of x and consequently provide a path to determine the gluonic radius of the
nucleon and the contribution of the total angular momentum of gluons to the nucleon spin.
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A. Event Generator
We developed a new Monte-Carlo generator, LIGEN 1, to obtain a realistic estimate of the J/ψ
and ϒ electro- and photo-production rates. LIGEN is a modular accept-reject generator written in
C++14, capable of simulating l−A events for both fixed-target and collider kinematics. Below we
describe the model components used to obtain the results for this work.
A.1 Model for the t-channel cross section
In order to calculate the cross-section for the t-channel production, we fit the cross section
ansatz for two-gluon exchange from Brodsky et al. [31] for a vector meson V (J/ψ or ϒ), to the
available world data for J/ψ and ϒ photo-production [32, 33, 34, 35, 36, 37, 40, 41, 42].
A.2 Model for the Pc→ J/ψ cross section
Several equivalent approaches to calculate the γ p→ Pc→ J/ψ p cross section can be found in
the literature [20, 21, 22, 24]. We based our model of the cross section on the work by Wang et
al. [20]. For more info on our approach, see Ref. [28]
A.3 Real photon beam
LIGEN implements equation (24) from Tsai [43] to evaluate the bremsstrahlung spectrum
I(Eγ) when simulating a real photon beam.
A.4 Virtual photon spectrum and electro-production
In case of electro-production, LIGEN simulates a virtual photon beam from the primary elec-
tron beam using the exact relations for the virtual photon flux ΓT and polarization ε following the
approach from Ref. [44]. The fully differential electro-production cross section can be parameter-
ized as,
dσ
dQ2dydt
= ΓT (1+ εR)D
dσV
dt
, (A.1)
with R = σL/σT following the approach from Ref. [45],
R =
(
AM2V +Q
2
AM2V
)n1
−1, (A.2)
using the parameters from Ref. [46]. The dipole-like form factor D encodes the Q2 dependence of
the process. Because D is currently not known for elastic J/ψ and ϒ production, we decided to
introduce a form that was tuned to optimally describe the Q2 dependence for exclusive ρ production
in a wide range of kinematic regions [47, 48, 49, 50],
D =
(
M2V
M2V +Q2
)n2
. (A.3)
Note that this form deviates from the standard dipole form factor used in a vector meson dominance
model.
1The source code LIGEN will be made available online.
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A.5 Angular dependence of the decay leptons
For the projections for the upcoming J/ψ program at Jefferson Lab, we included the J/ψ →
e+e− decay channel, while we included the ϒ→ e+e− and ϒ→ µ+µ− decay channels for the
EIC-related simulations.
To describe the angular distribution of the decay products, we used the s-channel helicity
conservation framework (SCHC) for the case of a vector meson decaying into two fermions [51,
52, 53],
W (cosθCM) =
3
8
(1+ r0400 +(1−3r0400)cos2 θCM), (A.4)
R =
1
ε
r0400
1− r0400
. (A.5)
For real photo-production, the spin-density matrix element r0400→ 0, simplifying the angular depen-
dence,
W (cosθCM) =
3
8
(1+ cos2 θCM). (A.6)
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